Distribution and nitrogen fixation of terricolous lichens in a boreal forest fire chronosequence by Sandling, Aron
Sveriges Lantbruksuniversitet                      Umeå 2010 
Examensarbete i biologi, 15 hp, grund C   ISSN 1654-1898       
Handledare:   Michael Gundale,  SLU, Inst för skogens ekologi och skötsel 
Examinator:  Marie-Charlotte Nilsson Hegethorn, SLU, Inst f skogens ekologi och skötsel  
   
                                                        
 
 
 
 
 
 
 
Distribution and nitrogen fixation of terricolous   
lichens in a boreal forest fire chronosequence 
 
 
  
                                                                         Akvarell: Sara Rundqvist 
 
Aron Sandling 
 
     
 
 
Examensarbeten           2010:01 
Institutionen för skogens ekologi och skötsel 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
ISSN 1654-1898 Umeå 2010 
 
Sveriges Lantbruksuniversitet / Swedish University of Agricultural Sciences                  
Fakulteten för skogsvetenskap / Faculty of Forest Sciences 
Examensarbete i biologi / Bachelor of Science thesis, EX0587, 15 hp, C   
 
Handledare / Supervisor:  Michael Gundale 
SLU, Inst för skogens ekologi och skötsel/ SLU, Dept of Forest Ecology and Management 
Examinator / Examiner:  Marie-Charlotte Nilsson Hegethorn 
SLU, Inst för skogens ekologi och skötsel / SLU, Dept of Forest Ecology and Management 
 
 
 
 
 
 
 
 
 
 
 
Distribution and nitrogen fixation of terricolous 
lichens in a boreal forest fire chronosequence 
 
 
 
Aron Sandling 
 
 
 
Nyckelord / Keywords: 
Succession, fire chronosequence, nitrogen fixation, boreal forests, lichens, Peltigera aphthosa, 
Nephroma arcticum  
 
 
 
 
 
 
     
 
 
 
 
 
 
 
Examensarbeten            2010:01 
Institutionen för skogens ekologi och skötsel 
 
 
 
  
 
 
 
 
 
 
I denna rapport redovisas ett examensarbete utfört vid Institutionen för skogens ekologi och skötsel, 
Skogsvetenskapliga fakulteten, SLU. Arbetet har handletts och granskats av handledaren, och godkänts 
av examinator. För rapportens slutliga innehåll är dock författaren ensam ansvarig.  
 
 
This report presents an MSc/BSc thesis at the Department of Forest Ecology and Management, Faculty 
of Forest Sciences, SLU. The work has been supervised and reviewed by the supervisor, and been 
approved by the examinator. However, the author is the sole responsible for the content. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Abstract  
Given that nitrogen (N) is a limiting nutrient in boreal ecosystems, biological N 
fixation can have a large influence on primary production and other processes in this 
ecosystem. To date, most studies focused on N fixation in boreal ecosystems have focused on 
bryophyte-cyanobacteria associations, whereas relatively few studies have investigated the 
significance of N fixation by lichens. In this study I examined how biomass and aerial N 
fixation rates of two common terricolous lichens, Nephroma arcticum (L.) Torss. and 
Peltigera aphthosa (L.) Willd., varied across a boreal chronosequence, where time since fire 
varied from 43 to 362 years. The main objective of the study was to observe how stand age 
influenced biomass and N fixation rates of terricolous lichens, which has been extensively 
described in previous studies for bryophyte-cyanobacteria associations. The study revealed 
that biomass and consequently N fixation rate per unit area for both lichen species 
significantly increased with time since fire; whereas, lichen N fixation rates per unit mass was 
unaffected by stand age.  Peltigera aphthosa, but not N. arcticum, demonstrated a 
significantly higher N fixation rate per unit biomass than the Pleurozium-cyanobacteria 
association. However, on a per unit area basis, both lichen species demonstrated several 
orders of magnitude lower N fixation rates relative to the Pleurozium-cyanobacteria 
association, which was largely driven by differences in biomass per unit area of lichens and 
bryophytes. This study demonstrates that lichen biomass and N fixation rates per unit area 
respond positively to the long term absence of wildfire, and further suggest that the 
contribution of lichens to total forest N fixation rates is minor relative to bryophytes.   
 
Introduction 
Nitrogen is an important component in many biological elements such as amino acids, 
proteins and nucleic acids (Campbell & Reece 2005). Nitrogen often limits primary 
production and other processes in cold climate ecosystems (Scimel & Bennett 2004) because 
the supply of N to plants is slow as a result of slow enzymatic transformation within the N 
cycle (Tamm 1991). Approximately 78% of the earth’s atmosphere is composed of N gas 
(N2), but this N is largely unavailable to organisms. Nitrogen must be fixed from the 
atmosphere to a form that can be used by organisms, which is done through an enzyme 
mediated reduction reaction. Nitrogen-fixation is carried out exclusively by specialized 
bacteria that live freely in the soil, in or on plants (associative bacteria) or within lichens (Rai 
2002). Biological N-fixation is the main N input in natural ecosystems (Cleveland 1999) and 
is therefore considered to greatly influence productivity in boreal ecosystems (Vitousek & 
Hobbie 2000). 
In boreal forests, most N fixation occurs in associative N-fixing bacteria that live on 
feather mosses (DeLuca et al. 2002), and most studies on N fixation have focused on this 
symbiosis. Yearly N-fixation rates of feather mosses in late successional forests has been 
estimated to be nearly as large as N inputs via atmospheric deposition (Lagerström et al. 
2007; Zackrisson et al. 2004).  While it is uncertain how bio-available this N is to vascular 
plant productivity (Lagerström et al. 2007; Zackrisson et al. 1997), recent studies suggest 
strong positive interactions between vascular plants and N-fixing feather mosses, suggesting 
that feather mosses and some vascular plant species may benefit one-another (Gundale et al., 
In press). The majority of studies on N fixation in boreal forests have focused on feathermoss-
cyanobacteria associations, whereas the contribution of other N-fixing organisms remains 
relatively unexplored. Lichens are a common components of boreal forests (Nash 1996) and 
some studies have demonstrated that biologically available N in soil is significantly higher 
close to N-fixing terricolous lichens (Knowles et al. 2006), which may also have a positive 
effect on vascular plant productivity.  
It is well known that lichens generally are sensitive to disturbances such as forestry 
(Berg et al. 2008), air-pollution (Campbell & Reece 2005) and climate-changes (Epstein et al. 
2004).  In contrast to these anthropogenic factors, very little is known about how natural 
disturbances, such as wildfire, influence lichens in boreal forests.  The occurrence and long 
term absence of fire is likely to be an important factor controlling lichen biomass and N 
fixation rates for several reasons. First, forest fires directly eliminate terricolous lichens and 
much of the moss layer (Deluca et al. 2002). A second mechanism by which fire may 
influence lichen biomass and N-fixing activity is by driving changes in N-cycling. Directly 
following fire, concentrations of inorganic N in the soil greatly increase which promotes a 
relatively productive community composed of fast growing vascular plant species.  In the 
long term absence of fire, nutrient turnover and availability to plants greatly diminishes, moss 
biomass increases, and the vascular plant community changes. The reduced rates of nitrogen 
cycling that occur in the long term absence of wildfire are likely to affect the demand for 
newly fixed N, and thus provide opportunities for N fixing organisms. Several studies have 
demonstrated that N fixation in bryophytes  increases in response to decreasing N availability 
(Deluca et al. 2008, Lagerström et al. 2007) and decreasing N deposition (DeLuca et al. 
2008). Studies that experimentally evaluated how external N fluxes affect N fixation in 
lichens have found similar  patterns (Rai et al. 1981; Hällbom & Bergman 1983). It is 
therefore likely that N fixing lichens may respond to forest succession in a similar manner as 
has been demonstrated for bryophytes. 
The objectives of this study were to investigate how time since fire influences the 
biomass, N fixation rate per unit biomass, and annual N fixation flux per unit area of two 
common terricolous lichen species in the Swedish boreal forest, N. arcticum and P. aphthosa. 
An additional objective was to compare the response of lichens biomass and N-fixation rates 
to N fixing feather mosses, which have been extensively described. I hypothesized that 
lichens would demonstrate an increase in biomass, N fixation rate per unit biomass, and N 
fixation per unit area with increasing time since fire, which has been demonstrated in 
feathermoss-cyanobacteria associations. Additionally, I hypothesized that the total areal N 
fixation rate of terricolous lichens will be much lower compared to feathermoss-cyanobacteria 
associations, due to the relatively low biomass of lichens relative to feather mosses.  
 
Materials and Methods 
SITE DESCRIPTION 
I conducted this study using 10 forest sites in the northern boreal zone of Sweden 
(65°35'-66°07' N, 17°15'-19°26' E).  The sites vary in time since last fire (43-362 years) and 
represent a gradient of vegetation development since last fire (Zackrisson 1996). Tree ring 
scars were used to get estimations when the last fire occurred in the sites (Zackrisson 1996). 
The selection of the sites were predicated through forest site type classification, a system 
defining different forest site types based on plant communities that are characteristic in 
different climatical and edaphical (soil) conditions (Cajander 1949). All sites are of 
Empetrum-Vaccinium type mainly consisting of a mix between Pinus sylvestris and Picea 
abies forest. The terricolous lichen flora is dominated by N. arcticum, P. aphthosa and 
Cladina spp. through the sites, of which N. arcticum and P. aphthosa are known to fix N, and 
were the focus species of this study. I quantified the lichen coverage of two species, N. 
arcticum and P. aphthosa, by estimating lichen colony sizes in transects at all sites. At each 
10m interval along the 100m transect, I created 20m
2
 circular plots at random distances (3m 
or 6m to either left or right) from the central transect. I measured the surface area of all lichen 
colonies occurring within the borders of these plots. In order to convert surface area to 
biomass, five colonies of each species in sizes ranging from 0.1 m
2
 to 2.5 m
2
 were collected to 
get an estimate of dry weight biomass per unit area.  
 NITROGEN FIXATION MEASUREMENTS 
Nitrogen fixation rates for the lichens were estimated using the acetylene reduction 
method (Schöllhorn & Burris 1967). When an N-fixing organism is incubated with acetylene 
gas (C2H2), the nitrogenase enzyme reduces acetylene to ethylene gas (C2H4), which is 
directly proportionate to the N fixation rate of the organism. Ethylene is then measured using 
a gas chromatograph, providing an estimate of N fixation. I collected five thalli of each 
species from all forest sites for estimation of N fixation rates. P. aphthosa was not present in 
all sites, and therefore was collected only when present. These thalli were placed in vials (22 
mL glass tubes), sealed using septa and 2.2ml of air was emptied and replaced with 2.2 ml of 
acetylene. The lichens were incubated for 24h before measuring the amount of ethylene 
reduced.  
It is well known that moisture content of lichens strongly influences their N fixation 
rates (Nash 1996). Therefore, in order to scale up N fixation to an annual basis, I used an 
estimate from Palmqvist & Sundberg (2000) of the annual duration in which lichens are 
sufficiently moist to fix N.  This data was obtained from a nearby location and similar habitat 
to my study area utilizing one of the same lichen species, P. aphthosa, and therefore provide a 
reasonable estimate of the annual lichen moisture status in my study area.   
 
STATISTICAL ANALYSIS 
Biomass and N fixation data was analyzed using linear regressions. N fixation data 
was log-transformed to receive normality since it is required for the analysis. One-way 
analysis of variance (ANOVA) with a Tukey’s HSD posthoc test was used when comparing N 
fixation per unit mass for the two lichen species and the bryophyte. Analyses were made in 
the statistical program R v.2.8.0 for Windows (R-language and environment for statistical 
computer graphics, Department of Statistics of the University of Auckland). 
Results 
 
 
 
 
The coverage and consequently the biomass of N. arcticum and P. aphthosa increased 
linearly with time since fire in the study area (Fig. 1A, Table 1). The nitrogen fixation rate per 
unit area (expressed as mg N2 ha
-1
 yr
-1
) for N. arcticum and P. aphthosa was found to increase 
log-linearly with time since fire (Fig. 1B, Table 1). Nitrogen fixation per unit mass had no 
FIG 1. (a) Relationship between biomass and time since fire for N. arcticum, P. 
aphthosa and Total biomass for nitrogen fixing terricolous lichens at ten stand in 
northern Sweden. (b) Relationship between nitrogen fixation and time since fire for 
N. arcticum, P. aphthosa and Total nitrogen fixation from terricolous lichens. 
significant relationship with time since fire for either N. arcticum (R
2
 = 0.18, P = 0.220) or P. 
aphthosa (R
2
 = 0.04, P = 0.692).  
Nitrogen fixation per unit mass for terricolous lichens is comparable or higher than P. 
schreberi (Table 2). Nitrogen fixation per unit area was 4 orders of magnitude higher for the 
bryophyte P. schreberi relative to both lichen species, which corresponded closely with 
differences in percent cover and biomass per unit area between this moss and the lichen 
species (Table 2).  
 
 
  
Lichen 
biomass vs. 
time since fire 
    
Nitrogen 
fixation vs. 
time since fire 
  
Lichen biomass 
vs. P. schreberi 
% cover       
  R
2 
P  R
2 
P  R
2 
P     
N. arcticum 0.86 0.000  0.48 0.025  0.56 0.021   
P. aphthosa 0.64 0.005  0.73 0.002  0.34 NS   
Total 0.89 0.000  0.55 0.013  0.54 0.023   
 
 
 
 
 
 
 
 
 
 
             
 
 
N. arcticum  P. aphthosa   P. schreberi 
 
µg N2 g
-1 
d
-1 
  1.05 (0.35)a  3.35 (0.65)b  1.39 (0.44)a    
g N2 ha
-1 
yr
-1 
  0.20  0.07  
†
~1500    
% cover   3.19  0.20  
†
70.8    
g/m
2 
  0.46  0.04  
†
106.2    
  
TABLE 2. Mean N fixation (µg N2 g
-1 
d
-1
), yearly N contribution (g N2 ha
-1 
yr
-1
), percent 
cover (%) and biomass (g/m
2
 dry weight) for N. arcticum, P. aphthosa and P. 
schreberi from the four oldest sites along (>200 years) along a fire chronosequence in 
a boreal forest in northern Sweden. Mean N fixation values are based on data from all 
sites collected in September 2009. Mean values followed by the same letters do not 
differ significantly at P= 0.05 (Tukey’s test). 
TABLE 1. Linear regression results for; lichen biomass vs. time since fire, N fixation vs. 
time since fire and lichen biomass vs. P. schreberi % cover fire for N. arcticum, P. 
aphthosa and Total values for nitrogen fixating terricolous lichens at 10 sites along a 
fire chronosequence in a boreal forest in northern Sweden. 
Notes: Nitrogen fixation data was log transformed; NS, not significant. 
†
Data derived from Zackrisson et al. 2004 and Wardle et al. 1997. 
Discussion 
This study shows that both the biomass and N fixation rate of two terricolous lichen 
species, N. arcticum and P. aphthosa, increases linearly with time since fire, providing 
support for my hypothesis, and corresponds with the same pattern described for bryophytes in 
the study system.  Several mechanisms may control the increase in lichen biomass and aerial 
N fixation rates with time since fire, including the combustion of lichens during fire, and 
increased nutrient availability following fire. As time since fire increases, soil N 
mineralization and canopy throughfall N greatly diminish (DeLuca et al. 2008) influencing 
competition for light and the demand for newly fixed N within the system.  An additional 
factor that may be important is moss cover, which also increases with time since fire, and is 
the main substrate in which these two terricolous lichens grow (Moberg & Holmåsen 1982). 
However, this is not likely the main factor controlling this relationship, because terricolous 
lichens are nearly absent in the three youngest sites (43-85 yrs since last fire), whereas aerial 
coverage of feather mosses is largely re-established in these young stands. This absence of 
terricolous lichens from these young stands is therefore likely heavily influenced by faster N 
cycling and more intense light competition in these young stands.  
My results also suggest that N fixation rates per unit biomass in N. arcticum and P. 
aphthosa does not change with time since fire, which does not support my hypothesis. This 
pattern is supported by several studies that have demonstrated N fixation per unit biomass for 
Peltigera does not change in response to natural gradients of N and P availability (Chapin et 
al. 1991; Weiss et al. 2005). It is not clear why N fixation per unit biomass in lichens doesn’t 
respond positively to decreasing N availability, which has been described in bryophytes 
(Zackrisson et al. 2004; Lagerström et al. 2007). The different pattern in N fixation rates per 
unit biomass in lichens compared to bryophytes may be the result of a more obligate 
cyanobacteria association in lichens compared to feathermoss-cyanobacteria associations.   
Another pattern that emerged from my data is that N fixation on an aerial basis from 
terricolous N fixing lichens was very small in comparison to associative cyanobacteria on 
feather mosses. N fixation from P. schreberi is estimated to be between 1.0-2.0 kg N2 ha
-1
 yr
-1
 
in late succession sites (>200 years since fire) in the same fire chronosequence (Zackrisson et 
al. 2004) (Table 2). In contrast, the stand exhibiting the highest total annual lichen N fixation 
rate within this study system (Tjadnes, 275 years old) demonstrated only an order of 
magnitude lower N fixation rate (708 mg N2 ha
-1
 yr
-1
) compared to this mean bryophyte N 
fixation rate. This large difference in aerial N fixation rates between bryophytes and lichens is 
driven primarily by much greater biomass per unit area of feather mosses compared to 
terricolous lichens. In late successional forests, coverage was 3.19% for N. arcticum, 0.20% 
for P. aphthosa compared to 70.8% for P. schreberi (Table 2). Biomass (dry weight) per unit 
area was 14 g m
-2
 for N. arcticum, 20 g m
-2
 for P. aphthosa and is approximately 150 g m
-2
 
for P. schreberi (Wardle et al. 1997). These data demonstrate that lichens likely have a minor 
effect on the total stand N budget, relative to bryophytes.   
Most work focused on lichen responses to successional development are made in 
primary successional systems (Kurina & Vitousek 1999; Menge & Hedin 2009), whereas my 
study  was conducted in a secondary successional system. Primary succession is characterized 
by having greatest nutrient limitations at the beginning of ecosystem development (Vitousek 
& Howarth 1991). This initial lack of nutrients in primary successions often results in high N 
fixation rates from N-fixing pioneer organisms, such as lichens and mosses. When an 
adequate nutrient capital becomes established, vascular plants eventually outcompete 
pioneering N fixing organisms (Campbell & Reece 2005). My study is therefore unique in 
that very few studies have evaluated the response of lichens to secondary succession, contrary 
to primary successional studies, my data demonstrates that biomass and aerial N fixation rates 
of lichens increases with time since disturbance, which coincides with decreasing nutrient 
availability and retrogression of primary production. This pattern suggests that a common 
pattern between primary and secondary successional systems is that higher N fixation rates 
corresponds with N limiting conditions (Zackrisson et al. 2004; Lagerström et al. 2007; 
Menge & Hedin 2009). 
 
Conclusions 
These results have several implications. First, my data clearly support my hypothesis, 
that terricolous lichen biomass and areal N fixation rates would increase with stand age, 
which strongly corresponds with increasing nutrient limitation. This strong correlation 
between nutrient availability and lichen biomass and aerial N fixation rates suggests that 
anthropogenic factors that influence N availability, such as forest fertilization or increased 
atmospheric N deposition associated with fossil fuel combustion, may have a detrimental 
effect on lichen biomass across boreal forest landscapes. A second key finding of my study is 
that the yearly terricolous lichen N-fixation rate is minor relative to the bryophyte-
cyanobacteria association in boreal forests, supporting my second hypothesis. Even though 
these terricolous lichens did not contribute much to the total forest N budget, other studies 
have demonstrated that these lichens create micro-sites with higher biologically available N in 
soil near the lichen colonies. Therefore the ecological importance of the lichens might 
increase with successional age, where fertile patches associated with terricolous lichen 
colonies may provide opportunities for some vascular plant species thriving in these micro-
site conditions. Much is already known about the sensitivity of lichens to anthropogenic 
disturbances, whereas relatively little is known about how lichens respond to natural 
disturbance processes. This study therefore provides an improved understanding of how two 
common terricolous lichens respond to wildfire and forest succession following wildfire, 
which is the dominant form of disturbance in boreal ecosystems.  
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